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1.6 ≤ α ≤ 1.8 
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Erot(J) = hB · J(J + 1)

























∆J = ± p²+.D/KE)G_M8N+.),%­¤Ch8B4h8/),CE%*->-/6\+1UO8:D>J*00a)G8¤%wJ*DN+.),%*+.DfZT+ ¢
D/),+huO'*),+e->CEKE+1%*47%*%O8:+N­¤C78:4h8:)GCE%*->;,+1)98:+.D1u7'M),+c§D>+1wJ*+.%*L1+.%`'*+1D|0 EKE;,)G@BA*+1%a¤_i+.D/KO¨7%MKE+




= 2B(Jlow + 1)
[−4D(Jlow + 1)3] n=^bGprsEt
 +1)G0 ->8:47D/D>+1%­¤Ch8B4h8/CED_\+.8:D/¨7K78e'g4h-c k+.8:D/47KE->vJ*47'*D:4P8c'M+1-c¦N),6\CE;,0aCE0a+1%O8:-
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^8:CE0a+`),0 CE;G+1Uw*;cpEbGpry ·10−10 0u£'*)G+`D/+.'*J*L.),+1DR8:+(4h-/-/+ m = 6.859mH J*%*'
'g47A*+.D
B ≈ HTb sODEsH cL7ui'*),+?§D>+1wJ*+.%*L1+.%'*+.D°­¤Ch8B4h8/),CE%*->*_\+1D/KE¨7%*KE+?->CE0a)G8 ν ≈
115.27
H ¤L ·(Jlow + 1) bi¦c),+?2¤CE%*-R8B47%O8:+ D _\+.8:D/¨7K78 D > p E{aU cL7ui' b A b B/D ≈
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7+1D>%g47@BA*;,¨7-/->),KE+.% ui'*4a'*+.Dc« +1D>0 −4D(Jlow + 1)3 _i+.),0








J,J−1 ncrit(10K) ncrit(40K) ncrit(100K)
= → =P¢:p + H ¤L0. + 29. 10−8· + - −1 . 103· + @.0 −3 . 103· + @.0 −3 . 103· + @.0 −3 .
p → { pEp Hvb yvp´y7{Mp  HTbIHD Tb y pEbEH pEb pEbGD
y → p yODE{TbIHODE{E{E{E{ psMb s7{ s7qMb y pryTb y pEpEb9p Mb
D → y DOF Hvb 7q H7qEqEq DODMbGpq y Hh{Mb y HhsMb y DEsMb	 yMb s
F → D FOsMp7b {OFE{ 7sOy HOHTbEDEy sMp HTb { p FOF*b   TbEH sEsMb
H → F H7sTb y7s7q DE{QH EyTb q p´yEyTbGF D  Mb { p 7sMb	 pEpTb s
s → H sEqMp7bGF DE{ 7s D pEprsTbGp  yTp H HvbGF H7sMbIH DEy7qMb9p yTp Mb	
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« + 
v85+.D/; ¨hJM8:+.D>8:+.% gCED/0a+1;G%(J*%*' '*)G+V¦° Zn ^NJ*->-/@BA*+.),_\+1%IJ*%*'I­¤+F< +1D>+1%*L t b¦N),+
UwD>)G8:)G-/@BA*+.%(¦c),@BAO8:+.%(+1%O8/->8B4h0m0a+1%£;GC´k+1D  4hJ*%g4SInRpqQHEt *_*),-YL.J*0¤_i+.D/KO47%MK
s → HkeJ*D/'*+.%²'*)G+xZv8/CE±EU7Cv+0/aL.),+1%O8/+1%_*L1KE;zb´XfD>8/A*Ch¢§J*%M'²ª47D:4P¢  2 0a)G8 D GpxKE+Fe),@BAO8:+F8









DMb s  ·10−31 V0FuP'*),+c_\+1D/KE47%*KE-R47AMD/-/@BAM+1),%v¢
;G),@BA*Uh+1)98l'*+1-YpF¢¯{°c_\+1D>KO47%*K7-l_i+F8:D:¨hK78l'g47AM+1D  ·10−8 - −1 b7¦N),+eª47D:4h0m+F8:+1D£'*+1- 13 VYX
CE;,+.UvM;,-N->),%*'
B ≈ H HTb9pr{Mp?H ¤L7u ν ≈ 110.20 H cL ·(Jlow + 1) J*%M' µ0 > {Mb9pEpr{OFOs
¦c+1_OSE+hb
$&%'*+1%«£4h_i+.;,;,+.%^bGpJ*%*'!^²b y Ag4h_i+),@BAﬃ'*),+Q< *D'*)G+Q< C7;,KE+.%*'*+1%!¦N),->UwJ*-/->),CE%*+.%
e)G@BAO8:),K7->8:+.%(ª47D:4h0m+F8:+1D7CE%VYXW_*L.5b 13 VYX 47JM< KE+F< *A*D>81b
	 
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13 VYX ν Eu
^
J,J−1 ncrit(10K) ncrit(40K) ncrit(100K)
= → =P¢Bp + H cL0. + 2. 10−8· + - −1 . 103· + @.0 −3 . 103· + @10 −3 . 103· + @10 −3 .
p → { pEp{Mb yh{Mp DQHFMp HTb y7q TbGD pEbEH pEb p7bED
y → p yEyh{MbED7qEsEs D H p HTb	  sEqMb s p´yTbGD pEpEb9p Tb 
D → y D D7{MbIH  7qOF h{ DMpEbOD yOHTpEb	 H7sMb s D Tb { yTb
F → D F FE{Mb hsQHTp H Hhs HEyTb	Eq sTp Mb q pRF HTb s Mb9p s vbGp
H → F H Hh{Mb qEy7sOy7sEsOD 7qMbGD D p´yDEsMb y DE{Mb F pTb q pEp TbED
s → H sEsTpEb {7s Ey H7s p7pEpEb {  yTpsEqMb9p HhqE{Mb y D DMpEb y yEy7{Tb y
 → s vpEbGp OF*p´y Hh{ pRF Mb {Eq DOFOyTb FE{EqMb DEqQHTb	 DQH HvbGF
 →  TpEb yEyE{7{ pqE{Mb FO{ HEy;FwyTbGD pEpsQHTb { sMprsMb HFO{TbGF
«£47_\+1;G;,+f^b y §jxD>Uw; ¨7D>J*%*K-/)G+1A*+5«ª47_i+.;,;G+f^²b9pEugA*)G+1D< *D 13 VYX?b
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¬¤+1A*0a+1%e)GD°47% u )G% ­¤)G@BAO8:J*%*KQ'*+.-ZT+1A*-R8:D/47A*;,-feMD/'*+KE+.%g47J +1)G%*+ 3oCE;,Uh+¥;,),+.KE+1%
JM%*''*)G+m^c_*-/CED>6M8:)GCE%o7CE0[­c4h%*''*+.D 3oCE;,Uh+_*)G-L.J*0[ +1C7_g47@BAO8:+.D?'*J*D>@BA'*)G¡iJT¢
->+1-e$&%O8:+.D>kCE;,Uh+1%*0m4h8:+.D/),47; ¨hD/+547J*@BA%*)G@BAw8¤KE+.KE+1_\+1%~b§¬c+1AM0m+.%Qe)GD+.)G8/+1D/AM),%47% u
'*47±?'*)G+°dfJ*+1;G;G< J*%MUw8/),CE%ZiuT' b A~bM'*)G+c)G%`'*+1D 3CE;GU7+c+1D/L.+1J*Kh8:+5Zv8/D:47AM;,J*%*KMuT)G%`'*+1DkKE+F¢
-/470²8/+1% 3C7;,U7+°K7;,+1)G@BA),-R8uM'*47%*%Q+1D>KE),_M8-/),@BAQ'*)G+f_\+1),0  +1C7_g47@BAO8:+.Dc4h%*U7CE0a0a+1%*'*+
Zw8:D:4hA*;,J*%MKa0a)G8 c),;9< +N'*+.D v¼Fº¯¼Fº=¿¸P¹¼R?*»7º=¿¸P¹ 















τν = τν0∆νφ(ν − ν0)
0a)G8c'*+10
%MCED/0a),+.D>8:+.%Ł)G%*),+.%*6*D>CO5g;
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T˜ν,mb = ηdf · [T˜ν(Trad)− T˜ν(Tbg)] · (1− e−τν ) n=^b yEt
¦N),+­¤4ST;G+1)GKEAT¢=7+147%*-5¬c¨7A*+1D>J*%*K
T = T˜ν
)G->85%*)G@BAw8L.J*; ¨7->-/)GK*u 'g40a)G8 h
k
· p7p HQH ¤L
>
HTbEHﬃ2°+.;Gv),%ﬁ8&Sv6*)G-/@BA*+o«ª+.0m6\+1D/4h8:J*D>+1%]ECE% CE;G+1Uw*;9CE;GU7+.% +.D/D/+.),@BAO8+.D/'*+.% u
KE+1D/47'*+Y47JM@BA< MDµ'*),+A EA*+.D/+1%agD/+.wJ*+1%*L.+1% uOJM%*'-/CE0a)G8ª'*),+%*C78&k+1%*'*)GKE+e¬N¨hA*+1D>J*%*K
hν  kT %M),@BAO8eL1JM8/D/)9¡i81b
   3  
Ł.P   .  
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Q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τν  1 ⇒ 1− e−τν → 1 n=^b yhqOt
CE6M8/),-/@BAQ'*M%*%
τν  1 ⇒ 1− e−τν → τν n=^bEDE{Et
  	  	  ﬁ





< C7;,K78< MDY'*),+°6*AOSv-/)GUP47;,)G-/@BA*+5« +10a6i+.D:4h8/J*D 














$&0H5D>+1%*LF<=47;,; C76M8:)G-/@BAQ'**%*%+1D>Ag¨7;G8047%Q'*)G+°CE6M8/),-/@BAM+«Y)G+.< +°v) 4
τν,opt.du¨nn =
T˜ν,mb
ηdf · [T˜ν(Trad)− T˜ν(Tbg)]
n=^²bGDOyEt



















'M),+5$&-/C78/CE6\+?VYX?u 13 VYXJ*%*' V 18 X?bi k+1)Ł'*+1D¤^N%MKO47_\+4h->8:D>CE%*CE0a),->@BA*+1D¤),%M),+1%O7+1DR¢
A*¨7;G8/%*),->-/+fAg4P8e-/),@BA< CE;GKE+1%M'*+°2cC7%w7+1%O8:)GCE%'*J*D/@BAMKE+1->+.8:LF8 §$&%*%*+.D/Ag4h;,_Q+1)G%*+1-Y$&->C78:CE6M-












opt.dick/opt.du¨nnRJup/Jˆup = Ψτ ·
1− exp (−τopt.dick)
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α13 · 8 · 10−5
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ΨJx = X(CO1→ 0)/X(COJ → J−1)
-/UP47;G),+1DR8µ'*+.%  c¢¯§47UO8/CED
< *D|47;,;G+=Muv'M+1D/+.%c_\+1D>KO47%*K²VYX
J → J −1 %*Cv@BAC76M8:)G-/@BA'M),@BU¥),-R8b ΨJx
+.%w8/-/6*D>),@BAO8












M [kg] = < N(H2) > ·A[cm2] · m¯ n=^bGF DOt
)G8'*+.%³H°D E±7+1%
mH = 1.673 · 10−27 UwK*ul'*+.Dm0a)G8>8:;G+1D/+.%«ª+.),;,@BAM+1%*0m47-/->+ m¯ =




1.4959787 · 1011 0 J*%M''M+10 ^c_*->8:47%*' D[pc] '*+.D 3CE;GU7+fL.J*0  k+1CE_g4h@BAw8/+1D
< CE;,K78 
M [M] = 6.636 · 10−24 < N(H2)[cm−2] > ·A[deg2] · (D[pc])2 n=^bGF FOt
= 1.526 · 10−3 ·ΨJx
∫
T˜ (12C16O)dv · A[deg2] · (D[pc])2 n=^bGF H7t
=
9.456 · 10−6 · ∫ T˜ (13COJ→J−1)dv

























6.672591 · 10−11 m3
kg·s2
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< n >=




≈ 2.47 · 10
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